We explore the impact of a flavor-dependent intrinsic transverse momentum of quarks on the production of W ± bosons in proton-proton collisions at hadron colliders. We build a template fit to the transverse-mass and the lepton transverse-momentum distributions of the W decay products. We estimate the shift in the extracted value of the W mass induced by different choices of flavordependent parameters for the quark intrinsic transverse momentum, that all reproduce the same transverse-momentum distribution of the Z boson. Our findings call for more detailed investigations of nonperturbative effects, which might affect very precise determinations of some Standard Model parameters even at kinematics where these effects are expected to be small.
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Introduction
Apart from the global electroweak fit of Ref. [1] , the M W has been extracted also from pp collisions at D0 [2] and at CDF [3] , and from pp collisions at ATLAS [4] with a total uncertainty of 23, 19, 19 MeV, respectively. The experimental analyses are based on a template-fit procedure on the differential distributions of the W -decay products, like the transverse momentum of the final lepton, p T , the transverse momentum of the neutrino p T ν (only at the Tevatron), and the transverse mass m T of the lepton pair (where m T = 2 p T p T ν (1 − cos(φ − φ ν )), with φ ,ν being the azimuthal angles of the lepton and the neutrino, respectively). The free parameter M W corresponding to the histogram best describing experimental data selects the measured value of the W boson mass. All the details of the theoretical calculations used to compute the template (choice of scales, parton distribution functions (PDFs), perturbative order, . . . ) enter the theoretical systematic error [5] .
Using the template-fit procedure, it is possible to single out the contribution of each theoretical ingredient to the final uncertainty on M W . Here, we are interested in the nonperturbative effects coming from modeling the intrinsic transverse momentum of the incoming partons participating in the hard scattering. These effects modify the spectrum of the W transverse momentum, q W T , subsequently inducing a non-negligible shift in the extracted value of M W . The three experimental collaborations CDF, D0, and ATLAS obtain for the distributions in (m T , p T , p T ν ), respectively, the shifts δ M W = (3,9,4) MeV [3] , δ M W = (2,5,2) MeV [2] and δ M W = (3,3) MeV [4] (the ATLAS analysis did not include p T ν in the template fit). Except for ATLAS (because of the narrow range used for the p T fit), the uncertainty δ M W propagating from the q W T spectrum via p T turns out to be comparable in size to the uncertainty originating from the choice of PDFs.
At present, all the three experimental collaborations determine the nonperturbative parameters by fitting the transverse momentum distribution of Z boson production data. Assuming that these parameters are flavor-independent, they further predict the q W T distribution and estimate the corresponding δ M W . None of them includes information on the flavor dependence of these parameters, although Monte Carlo simulations show that the flavor content of the dominant channel in the hard scattering producing a Z boson (uū + dd) is different from the one for the W + boson production (ud). Moreover, the template-fit procedure indicates that these measurements are in general very sensitive to the input: a distortion of the p T distribution by a few per-mille produces a shift δ M W ∼ O(10 MeV) [6] .
Hence, if we want to determine the free parameters of the Standard Model, like M W , with very high precision, we need to include nonperturbative effects like the flavor dependence of the intrinsic parton transverse momentum. In the following, we report on the study of this impact, illustrated in more detail in Ref. [7] (see also Ref. [8] ).
Formalism and strategy
The factorization theorem and evolution equations in the transverse-momentum-dependent (TMD) framework have been extensively studied in the literature (see e.g. Refs. [9, 10, 11] and references therein). Recently, the unpolarized quark TMD parton distribution function (TMD PDF) was extracted for the first time from a global fit of data for semi-inclusive deep-inelastic scattering (SIDIS) and production of Drell-Yan lepton pairs and Z bosons [12] . Different implementations of the nonperturbative contributions to the quark Sudakov exponent in the TMD factorization formula have been presented in the literature (see e.g. Ref. [13] and references therein). In order to take into account possible differences between the valence and the sea quarks (and among different flavors in general), a flavor-and kinematic-dependent implementation of the nonperturbative quark Sudakov exponent has been suggested in Refs. [14, 15] . Here, we model this nonperturbative intrinsic dependence of the unpolarized TMD PDF by a simple Gaussian in the transverse momentum whose Fourier-conjugate expression reads exp[−g a NP b 2 T ], where g a NP is a parameter related to the average intrinsic transverse momentum squared of a parton with flavor spanning the range a = u v , u s , d v , d s , s, c, b, g (the subscripts referring to the valence and sea components, respectively). For simplicity, we assume g s NP = g c NP = g b NP = g g NP so that each TMD PDF depends on five flavors. We also split g a NP into two contributions as g a NP = g evo ln(Q 2 /Q 2 0 ) + g a , where the first term in the right hand side is the nonperturbative flavor-independent correction due the TMD PDF evolution and g a is the genuine flavor-dependent contribution [7] . Information on g evo can be deduced from the global fit of Ref. [12] . In order to account for the uncertainties affecting the determination of g evo , we choose to consider the interval [0.2, 0.6] GeV 2 as a reasonable range and we vary g a such that the g a NP values fall into this range [7] . Then, we generate random widths in the allowed range for the considered five flavors. We build 50 sets of flavor-dependent parameters together with a flavor-independent set where all the parameters are put equal to the central value of the variation range, defined as g a NP = 0.4 GeV 2 . Our analysis proceeds in two steps. The first step consists in selecting "Z-equivalent" sets of parameters. For proton-proton collisions at √ s = 7 TeV, we generate pseudodata for the q T distribution of the Z boson (22 bins similar to the ATLAS ones [4] ) using the flavor-independent set in the DYqT code [16, 17] at O(α s ) and NLL accuracy. We do the same for proton-antiproton collisions at √ s = 1.96 TeV (72 bins similar to the CDF ones [3] ). We assign to each of the q T bins an uncertainty equal to the experimental one. We compute the q T distribution of Z boson with the same code in the same conditions also for each of the 50 flavor-dependent sets. We calculate the χ 2 between each of these 50 distributions and the pseudodata generated by the flavor-independent set. We retain only those flavor-dependent sets that have a χ 2 < 80 on the "CDF-like" bins (χ 2 /d.o.f. < 1.1) and a χ 2 < 44 on the "ATLAS-like" bins (χ 2 /d.o.f. < 2). The first criterion selects 48 flavor-dependent sets out of 50; only 30 sets out of 50 match the second one, because the ATLAS data have smaller (experimental) uncertainties [7] . We keep those flavor-dependent sets that fullfil both criteria. When considering all the bins, these sets have a total χ 2 < 124 on the pseudodata (χ 2 /d.o.f. < 1.3). In practice, these selected flavor-dependent sets are equivalent to the flavor-independent one (with which the Z pseudodata are generated) at approximately 2σ level.
The second step of our strategy consists in performing a template fit to estimate the impact of our "Z-equivalent" flavor-dependent sets on the determination of M W , following the scheme introduced in Refs. [18, 6] . In this step, we use the DYRes code [16, 19] because it provides the full kinematics of the vector boson and of its decay products, thus allowing one to apply arbitrary cuts on the final-state kinematical variables and to directly compare to experimental measurements. Importantly, we work at the same accuracy and kinematics as before, using the MSTW2008 NLO PDF set [20] , setting central values for the renormalization, factorization and resummation scales µ R = µ F = µ res = M W , and implementing ATLAS acceptance cuts on the final-state leptons [4] . We generate templates with very high statistics (750 M events) for the m T , p T distributions with
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Flavor and W mass Marco Radici different M W masses in the range 80.370 GeV ≤ M W ≤ 80.400 GeV, using the flavor-independent set for the nonperturbative parameters. Then, for each "Z-equivalent" flavor-dependent set we generate pseudodata with lower statistics (135 M events) for the same leptonic observables with the fixed value M W = 80.385 GeV. Finally, for each pseudodata set we compute the χ 2 of the various templates and we identify the template with minimum χ 2 in order to establish how large is the shift in M W induced by a particular choice of flavor-dependent nonperturbative parameters. The statistical uncertainty of the template-fit procedure is estimated by considering statistically equivalent those templates for which ∆χ 2 = (χ 2 − χ 2 min ) ≤ 1. Consequently, we quote an uncertainty of 2.5 MeV for each of the obtained M W shifts [7] .
imate the impact of the flavour dependence, it is necessary to first identify the "Z-equivalent" s, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron extent: our-independent (i.e., using a version of Eq. (6) without a-dependence) q T -spectrum for the Z duced based on the parameters presented in Ref. [22] ; this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF xperiments; ur-dependent sets for g a in Eq. (6) are generated randomly within a variation range consistent ormation obtained in previous TMD fits (in particular, taking into account the estimate for the pendent contribution to the non-perturbative part of the evolution obtained in Ref. [22] ); pendent set is defined "Z-equivalent" if the associated q T spectrum for the Z has a 2  1 with ne generated by the flavour-independent set. endent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit the flavour-independent one is used for the generation of the templates at high statistics. The corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30 -equivalent" both with respect to CDF and ATLAS uncertainties have been investigated. The values endent parameters for each set are given in Tab. II. A summary of the shifts obtained through given in Tab. III. ncertainty of the template-fit procedure has been estimated by considering statistically equivalent r which 2 = 2 2 min  1. Overall, the quoted statistical uncertainty on the results in Tab. III verse mass mildly sensitive to the modeling of the W ± transverse momentum, the corresponding ble with zero considering the statistical uncertainty of the template-fit procedure. On the contrary, 
Results
In Fig. 1 , we show in the left panel some selected sets of the g a NP parameters (in GeV 2 ) for the flavor a = u v , d v , u s , d s , s = c = b = g, out of the 30 "Z-equivalent" sets. In the central panel, we show the corresponding shifts induced in M W ± (in MeV) when applying our analysis to the m T , p T , p T ν distributions of the final-state products at the ATLAS kinematics with √ s = 7 TeV. The right panel contains the same information at the LHCb kinematics with √ s = 13 TeV. The shifts induced by the analysis performed on p T are generally larger than for the m T and p T ν cases, since it is known that the former case is the most sensitive to q W T -modelling effects. In the p T analysis at the ATLAS kinematics (central panel), the set 3 produces a shift on M W + of 9 MeV, namely with a size particularly large if compared to the corresponding uncertainty quoted by ATLAS (3 MeV). Taking also into account the statistical uncertainty of our analysis, the absolute value of the shifts induced in these conditions could exceed 10 MeV. At the LHCb kinematics (right panel), the sets 2, 4, 7 produce even larger shifts. On the contrary, for M W − the shifts are in general less significant and fall within a 2-σ interval around zero.
As a final comment, we can attempt to identify a systematic trend in the above results. In the kinematic conditions under consideration, W + bosons are dominantly produced by a ud partonic process, with the u coming from the valence region. Correspondingly, we observe that sets characterized by a larger value of the combination g 
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Conclusions
We investigated the uncertainties on the determination of M W at hadron colliders induced by a possible flavor dependence of the partonic intrinsic transverse momentum. From these outcomes (detailed in Ref. [7] ), we point out that a "flavor-blind" data analysis may not be a sufficiently accurate option, especially when a total uncertainty lower than 10 MeV is expected for M W at the LHC [21] .
Future data from flavor-sensitive processes such as SIDIS (from the 12 GeV upgrade at Jefferson Lab [22] , from the COMPASS collaboration [23] , and from a future Electron-Ion Collider with both proton and deuteron beams [24, 25] ) will shed new light on the flavor decomposition of the TMD functions.
All these data will improve our knowledge of the partonic structure of hadrons, and may help in reducing the uncertainties in precision measurements at high energies.
